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Regulation of interleukin.2 and interferon-y gene expression in renal
failure. Regulated expression of interleukin-2 (IL-2) and interferon-y
(IFN-y) genes, induced in cultured peripheral blood mononuclear cells
from patients with end-stage renal disease on hemodialysis (HD; N =
13) or peritoneal dialysis (PD; N = 13), was compared to that of 32
normal donors. Culture conditions were chosen that measure the
transient, phytohemagglutinin-induced expression of IL-2 and IFN-y
messenger RNA (mRNA), as well the intactness of post-transcriptional
and suppressor T cell-dependent mechanisms that control this expres-
sion. The latter was achieved by analyzing the superinduction of IL-2
and IFN-y mRNA occurring upon culture with cycloheximide or after
low-dose y-irradiation, respectively. HD subjects showed a complete
loss of inducibility of the IL-2 gene, concomitant with decreased
inducibility ofIFN-ymRNA. In PD subjects, by contrast, expression of
IL-2 mRNA was as vigorous as in normal donors, while IFN-y mRNA
was even more strongly inducible. This difference in gene inducibility is
caused by a lack of T cell function in HD subjects. The defect in IL-2
gene expression in HD subjects, occurring most likely at transcription,
may underly their impaired immune function.
Interleukin-2 (IL-2) is the essential growth factor for all types
of T cells [1], induced upon antigenic or mitogenic stimulation
[2] by helper T lymphocytes [3]. IL-2 is able to induce cytotoxic
T cell activity [4] and to activate natural killer cells [5]. The
strength of an immune response is determined to a large extent
by the amount of IL-2 elicited by a stimulus [6]. Interferon-y
(IFN-y) is also an essential immunoregulatory protein [71 with
antiviral activity [8] that activates macrophages [9] as well as
natural killer cells [10], and exhibits potent anti-tumor activity
in synergy with the tumor necrosis factors [11].
Expression of human IL-2 and IFN-y genes is induced by
mitogens or antigens. This process requires synthesis of new
RNA molecules and results in the appearance of a wave of
messenger RNA (mRNA) [12—151. The amplitude of the IL-2
and IFN-y mRNA waves can be superinduced extensively in
the presence of inhibitors of translation such as cycloheximide
(dx), yet the shape of each wave remains unchanged [13—16].
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A corresponding superinduction of IL-2 and IFN-y protein is
observed upon the removal of CHX [13, 15]. These findings
support the view that expression of IL-2 and IFN-y genes is
down-regulated strongly through a mechanism involving a labile
protein component. This mechanism acts after transcription of
the genes has occurred [14, 151.
A second mechanism regulating expression of IL-2 and
IFN-y genes involves suppressor cells. A transient activation of
T cells, able to suppress IL-2 and IFN-y gene expression,
occurs concomitant with the induction of expression of these
genes in human tonsil cell populations [17]. Expression of IL-2
[17] and IFN-y [15] mRNA and protein can be superinduced by
low doses of y-irradiation, a treatment thought to prevent the
activation of suppressor T cells. The effect of y-irradiation is
also exerted after transcription [15].
Humoral and cellular immune responses are impaired in
chronic renal failure [18]. Uremic patients are more susceptible
to bacterial infections [19] and malignancies [20], show delayed
cutaneous hypersensitivity to various antigens [21], a dimin-
ished response to immunization [22], lymphocytopenia [23] and
prolonged graft survival [24]. Defects in cellular immunity
include a reduction in number of circulating B and T lympho-
cytes [25], a reduced helper to suppressor T cell ratio [26], and
significantly impaired E-rosetting and blast transformation [21].
While hemodialysis (HD) does not restore these defects [18],
patients on peritoneal dialysis (PD) exhibit a better immune
response [18, 25, 27].
Thus far, it is unclear how the production of cytokines is
affected in uremic patients. While decreased T cell colony
formation [28], T cell function [29] and secretion of IL-2 [30, 31]
were observed in some studies, increased production of IL-2
[32] and IFN-y [33] were also reported. To obtain more precise
insight into the molecular basis underlying defective immune
cell function in end-stage renal disease, we have followed the
dynamics of IL-2 and IFN-y gene expression and its control.
We report here that expression of these genes differs strikingly
in HD and PD subjects. HD subjects exhibit a loss of inducibil-
ity of the IL-2 gene and decreased inducibility of the IFN-y
gene. In PD subjects, by contrast, the induction of IL-2 mRNA
is as vigorous as in normal donors, while IFN-y mRNA is even
more strongly inducible.
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Methods
Patients
Patients with end-stage renal disease. Thirteen ESRD pa-
tients who were on HD for 56.8 31.7 months (range, 11 to
120), aged 57 16.7 years (range, 22 to 78), had serum
creatinine on the day of study at 10.89 2.33 mg%, hematocrit,
27.83 0.88%, and blood urea nitrogen, 79.35 3.3 mg%.
Thirteen patients on PD [either intermittent peritoneal dialysis
(IPD, N = 9) or continuous ambulatory peritoneal dialysis
(CAPD, N = 4)] for 25.2 24.7 months (range, 7 to 95), aged 61
13.4 years (range, 28 to 76), had serum creatinine on the day
of study of 10.05 2.74 mg%, hematocrit, 20.97 2.67%, and
urea, 65.96 4.57 mg%. Blood was collected before dialysis.
Thirty-two normal donors, aged 33.2 2.2 years (range, 19 to
65) had serum creatinine of approximately 1 mg%. Male-to-
female ratio was about one in each group.
Studies
Cell culture and induction of gene expression. From 10 to 30
ml of peripheral blood per donor, mononuclear cells (PBMC)
were isolated by standard methods, washed and cultured at a
density of 0.5 to 4 x 106 cells/mi in 5 ml of culture medium
containing 2% fetal calf serum [34]. For each subject, 1-mi cell
cultures were incubated: (A) for 18 hours in the absence of
inducer; (B) for 18 hours with 0.4% (vol/voi) PHA-P (Difco,
Detroit, Michigan, USA); (C) for 22 hours with PHA; (D) for 22
hours with PHA, but with CHX (20 g/ml) from 18 to 22 hours;
(E) for 22 hours with PHA, but after y-irradiation of the cells
with a dose of 1,500 rad [34].
Quantitation of CD4, CD8 and total T cells. PBMC were
incubated with monoclonal mouse anti-human CD3, CD4, or
CD8 antibodies (Leul, Leu3a, and Leu2a, respectively, from
Becton and Dickinson) and FITC goat anti-mouse IgG (Coul-
ter). Total T cells, CD4, and CD8 cells were counted by
fluorescence microscopy.
Plasmids and hybridization probes. Human IL-2 DNA (p3-16
from T. Taniguchi) [35], IFN-y cDNA (pBR327 from R.
Devos and W. Fiers) [36], and a 1.1 Kb fragment of a-actin
cDNA [37] were placed under the phage T7 promoter in
pGEM-3 (Promega Biotec) to generate anti-sense RNA tran-
scripts labeled with [a-32P]ATP [38]. In total RNA isolated from
PBMC induced with phytohemagglutinin (PHA) [15], IL-2 and
IFN-y antisense RNA transcripts hybridize to RNA migrating
at 1,000 and 1,300 nt, respectively, as expected for mRNA,
comprising over 85% of the total hybridization signal; remaining
hybridization is to larger, precursor forms of IL-2 and IFN-y
mRNA. Sense RNA, generated from the SP6 promoter, gave no
detectable hybridization.
Quantitation of specific mRNA in cultured cells
The procedure is described elsewhere in detail [34]. Cells
from each culture were collected and lysed in 7.5 M guanidin-
ium-HC1 [39]. RNA was precipitated overnight in ethanol at
—20°C, dissolved into formaldehyde and incubated for 15
minutes at 60°C. Eight serial two-fold dilutions, made in 10 x
saline sodium citrate, were applied in duplicate to nitrocellulose
sheets, using a 96-well dot blot apparatus. After baking at 80°C
in a vacuum oven, sheets were hybridized separately with
32P-labeled RNA probes for IL-2 and IFN-y, respectively. Each
hybridization included a strip of nitrocellulose containing seri-
ally diluted RNA from a standard RNA preparation, purified
from human tonsil cells induced with PHA for 24 hours [12, 34].
A single standard RNA preparation was used for all donors in
this study. Exposed autoradiograms were scanned at 630 nm in
an ELISA reader. For each dilution series, hybridization inten-
sities were subjected to linear regression analysis. The slope is
proportional to the mRNA concentration for the gene being
probed. This value is expressed as standard units of mRNA/cell
[341.
Statistical analysis
All results are given as means SEM. Significance of the
difference of means was examined by the paired, two-tailed
t-test [40] as well as by Oneway analysis of variance, using the
SPSS-X program.
Results
Regulated gene expression
To allow sensitive and quantitative measurement of specific
RNA expressed in microcultures of PBMC derived from 1 ml of
peripheral blood, we devised an adaptation [34] of a method for
detecting gene expression [39]. It is thus possible to analyze the
dynamics of IL-2 and IFN-y gene expression starting with as
little as 10 ml of peripheral blood. Hybridization intensity,
measured by determination of the slope of linear regression
analysis of serial dilutions of each RNA sample in dot blots, is
linear not only with amount of RNA but also with cell number
and can be detected over a 200-fold range [34]. Enhancement or
inhibition of RNA expression is reflected by corresponding
changes in levels of IL-2 and IFN-y protein produced (not
shown), showing that the RNA levels in dot blot hybridizations
reflect active gene expression in a manner that is representative
of mRNA. Specific mRNA content for a culture can be ex-
pressed in terms of standard units of mRNA per cell, allowing
direct comparison of results obtained with individual subjects
[34].
To facilitate analysis of regulated expression of IL-2 and
IFN-y genes in PBMC derived from subjects with renal failure,
we defined a set of conditions that measure not only the induced
expression of these genes, but also the intactness of mecha-
nisms that control their expression. Five different conditions of
induction were chosen (Methods), based on earlier studies of
the regulation IL-2 and IFN-y gene expression in mononuclear
cells from tonsils or peripheral blood [34]. A wave of IL-2 and
IFN-y mRNA is induced by exposure to PHA, reaching a
maximum for both genes in the 18 to 22 hour time range [13, 15].
The amplitude of the waves of mRNA can be superinduced in
the presence of inhibitors of translation, for example, CHX [13,
15]. Expression of IL-2 [17] and IFN-y genes [15] into mRNA
and active protein can also be superinduced by exposing cells,
before mitogenic stimulation, to low doses of y-irradiation that
prevent activation of suppressor T cells. These conditions of
induction are designed to determine if IL-2 and IFN-y genes are
inducible and if the two major post-transcriptional mechanisms
regulating their expression, involving a CHX-sensitive compo-
nent on one hand and suppressor T cells on the other, are
functioning normally.
Normal donors
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Normal donors
Expression of IL-2 and IFN-y genes in cells derived from 32
normal donors is shown in Figure 1. mRNA for both genes is
induced by PHA (compare A with B or C), expression increas-
ing between 18 and 22 hours (compare B with C), and responds
to superinduction by CHX (compare D with C). The IFN-y gene
is, however, significantly more sensitive to superinduction by
y-irradiation (compare E with C).
Subjects on dialysis
Induction of IL-2 and IFN-y genes in cells derived from 13
HD subjects is analyzed in Figure 2. Comparison of Figures 1
and 2 reveals a complete lack of inducibility of the IL-2 gene in
cells from HD individuals, even when CHX is present. The
IFN-y gene, by contrast, is inducible in HD subjects, although
to a lower extent than in normal donors, and is responsive to
superinduction by CHX and, more weakly, by y-irradiation.
Cells from HD subjects thus show a severe impairment in IL-2
gene expression and decreased activity of the IFN-y gene.
Figure 3 shows that in cells derived from 13 PD subjects, by
contrast, IL-2 and IFN-y genes remain inducible. mRNA for
both genes is superinducible by CHX and the IFN-y gene also
responds to y-irradiation. Comparison of Figures 1 and 3
reveals that on average, twofold lower levels of IFN-y mRNA
are expressed in PD subjects. IL-2 gene expression is reduced
even less.
Expression of the a-actin gene was followed concurrently in
these experiments as a control. Mitogenic stimulation of PBMC
leads to the induction of mRNA encoded by this gene. How-
ever, in contrast to the clear difference in IL-2 gene inducibility
observed between HD subjects and PD subjects or normal
donors, there was no significant difference between the three
groups in a-actin gene expression (not shown).
Comparison of HD, PD and normal subjects
Figure 4 depicts the indices of induction and superinduction
of IL-2 and IFN-y mRNA, respectively, in the population of
normal donors, HD subjects, and PD subjects. Index of induc-
tion is defined as the ratio of specific mRNA levels expressed
after culture in the presence of PHA for 18 hours (P) or 22 hours
(Q) and in its absence. Index of superinduction R is defined as
the ratio of specific mRNA levels induced after culture in the
presence of CHX for four hours and in its absence. Index of
superinduction S is defined as the ratio of specific mRNA levels
induced in cells after y-irradiation and induced directly. Induc-
tion or superinduction occurs only if the index exceeds I.
Comparison of IL-2 and IFN-y gene expression in Figure 4
shows that in all subjects, induction of IFN-y mRNA is twofold
greater (P and Q). Both genes are superinduced to a similar
extent in the presence of CHX (R). Though in normal donors
IFN- y mRNA is superinduced significantly upon y-irradiation
(S), that is not the case for IL-2 mRNA. The most pronounced
differences in expression of IL-2 and IFN-y genes, however,
concern HD and PD subjects.
As seen from Figure 4, indices of induction P and Qfor the
IL-2 gene do not exceed 1 in HD subjects, but are essentially
normal in PD subjects. In HD subjects, the IL-2 gene can be
superinduced by CHX, but not to a statistically significant
extent (R). In PD subjects, on the other hand, the index of
Fig. 1. Regulated expression of IL-2 and IFN-y genes in 32 normal
donors. lL-2 and IFN-y mRNA were quantitated, in standard units/cell, in
PBMC from each donor, cultured in 5 different conditions: (A) uninduced;
(B) induced with PHA for 18 hours; (C) induced with PHA for 22 hours;
(D) induced with PHA for 22 hours, but with CHX present between 18 and
22 hours; and (E) y-irradiated before induction with PHA for 22 hours.
superinduction of IL-2 mRNA by CHX is at least equal to that
seen in normal donors.
A clear difference between HD and PD subjects is revealed
also by analysis of the inducibility of the IFN-y gene (Fig. 4).
While IFN-y mRNA is inducible in all conditions studied,
indices of induction P and Q are distinctly lower than normal in
HD individuals, yet higher than normal in PD individuals.
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Fig. 2. Regulated expression of IL-2 and IFN-y genes in 13 subjects
with end-stage renal disease on hemodialysis. IL-2 and IFN-y mRNA
was quantitated, in standard units/cell, in PBMC from each donor,
cultured in 5 different conditions (A-E; Fig. I legend),
IFN-y mRNA is superinduced by CHX to a normal extent in
HD subjects, yet more vigorously in PD subjects (R). In all
three groups, the IFN-y gene responds similarly to y-irradia-
tion, but superinduction is significant only for normal donors.
One-way analysis of variance for all five conditions of induc-
tion and superinduction, shown in Figures 1 to 3, yielded
significant responses for normal donors (P < 0.00001 for the
IL-2 gene and P = 0,0001 for the IFN-y gene) and PD subjects
Fig. 3. Regulated expression of IL-2 and IFN-y genes in 13 subjects
with end-stage renal disease on peritoneal dialysis. IL-2 and IFN-y
mRNA was quantitated, in standard units/cell, in PBMC from each
donor, cultured in 5 different conditions (A-E; Fig. I legend).
(P = 0.06 for IL-2 and P 0.02 for IFN-y), while for the HD
group these were not significant (P = 0.79 for IL-2 and P = 0.39
for IFN-y).
Role of T cells in induced gene expression
CD4/CD8 ratios [34] for the HD and PD patient populations
were indistinguishable (1.20 0.08 and 1.22 0.07, respective-
ly), yet below the value of 1.4 0.12 obtained for the normal
Induction ratio
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106/ml vs. PD: 1.86 0.29 x 106/ml, P = 0.05), raising the
possibility that this difference could explain the discrepancy in
inducibility observed between Figures 2 and 3.
To examine this point, levels of induction were analyzed for
each donor as standard units of mRNA per T cell. As seen in
Table 1, when expressed per T cell, induction of IL-2 and IFN-y
genes was still insignificant in HD subjects (P > 0.05), yet
significant in PD subjects. Hence, the lack of inducibility
observed for HD subjects is caused by defective function of
their T cells, rather than by a lack of T cells.
Discussion
Fig. 4. Index of induction and superinduction of IL-2 and IFN-y
mRNA in PBMC from normal donors (CTRL), HD and PD subjects.
Ratios of specific RNA values expressed in PBMC were calculated for
each individual donor of the groups shown in Figures 1 to 3 and then
averaged: 18 hours induced/uninduced (P); 22 hours induced/uninduced
(Q); 22 hours induced, with CHX added at 18 hr/22 hr induced (R); 22
hours induced after y-irradiationl22-hours induced (S). (*) P < 0.05 in
the paired, two-tailed f-test.
donors analyzed. On the other hand, when activity of PBMC
was examined by measuring incorporation of 3H-labeled thymi-
dine induced over 24 hours by PHA, a stimulation index of 28.5
7.6 was obtained for HD subjects, significantly lower (P <
0.05) than that for PD subjects (51.6 8) and normal donors
(51.4 4.3). The total number of CD3 T cells/mi also differed
for the two groups of dialysis subjects (HD: 1.16 0.19 x
Using a sensitive and quantitative assay for specific mRNA,
capable of measuring mRNA levels expressed in cells from as
little as I ml of peripheral blood [34], we have analyzed the
regulated expression of IL-2 and IFN-y mRNA in PBMC from
subjects with end-stage renal disease, on either HD or PD, and
compared it to that of normal donors. HD subjects exhibit a
striking loss of inducibility of the IL-2 gene, concomitant with
decreased inducibility of IFN-y mRNA. In PD subjects, by
contrast, expression of IL-2 mRNA is as vigorous as in normal
donors, while IFN-y mRNA is even more strongly inducible.
These anomalies in gene expression appear to be specific, as
they are not reflected in the expression of a reference gene, that
for a-actin, and thus may underly impaired immune function in
subjects with chronic renal failure on HD, as opposed to a far
more normal response in those on PD.
Patients on PD (or CAPD) show better immune responsive-
ness than those on HD [27]. Lectin-induced blast transforma-
tion of lymphocytes is equal in CAPD patients and normal
donors, but lower in HD subjects [41]. IFN-y production and T
cell function improve progressively with CAPD treatment [25].
The biological responses measured in these [25, 27, 411 and
other studies [28—33] are, however, the cumulative result of a
sequence of events. Determination of mRNA, on the other
hand, gives dynamic information about gene function and is
more direct and specific. Here, we have quantitated mRNA
levels for IL-2 and IFN-y, two key immunoregulatory proteins,
in cells subjected to a plurality of culture conditions, allowing
assessment not only of inducibility of the genes but also of
appropriate control of their expression by post-transcriptional
and suppressor T cell-dependent mechanisms. Since IL-2 and
IFN-y mRNA are expressed transiently, aberrations in gene
expression are most readily detected early in the induction
process. By comparing the performance of IL-2 and IFN-y
genes, as we have done, aberrant expression of either is
detected with greater sensitivity.
Expression of both genes is down-regulated by a mechanism
involving a labile protein whose neutralization, in the presence
of CHX, leads, in both normal donors and PD subjects, to
extensive superinduction of mRNA levels expressed upon
mitogenic stimulation (Figs. 1 and 3). In HD subjects, the IFN-y
gene also responds with a significant superinduction, but IL-2
gene expression is not restored to normal values when CHX is
present (compare Figs. 1 and 2). It is unlikely that the CHX-
sensitive mechanism has become CHX-resistant in HD sub-
jects. Excessive repression of the IL-2 gene by the CHX-
sensitive mechanism thus cannot explain the lack of expression.
The transient induction of IL-2 and IFN-y gene expression
was assessed at 18 and 22 hours, times determined as optimal
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for non-uremic subjects in earlier studies [12, 13, 15, 34]. In the
present experiments, transient expression patterns for IL-2 and
IFN-y genes (Figs. I to 3) show great similarity for normal and
PD subjects. This similarity does not support the interpretation
that the distinct pattern displayed by HD subjects is based on
markedly different kinetics of IL-2 gene expression, although
this explanation remains possible. A kinetic basis for the
observed difference is also not supported by the fact that HD
subjects show a distinct lack of response to CHX, since in cells
from normal donors, expression of the IL-2 gene can be
superinduced by CHX, whether it is added before, during or
after the wave of mRNA expression [13, 14].
Expression of IL-2 and IFN-y genes is also controlled by the
action of suppressor T cells [17]. Although a decrease in the
CD4 (helper) over CD8 (cytotoxic/suppressor) cell subset ratio,
reported in chronic renal failure [26], is confirmed in this study,
HD and PD subjects exhibited no difference in CD4ICD8 ratio.
In PBMC from normal donors, expression of IFN-y mRNA, but
not that of IL-2 mRNA, is superinduced by exposure of cells to
y-irradiation prior to induction (Figs. I and 4). Apparently, the
IFN-y gene is far more sensitive than the IL-2 gene to down-
regulation by suppressor T cells. Hence, if enhanced suppres-
sor T cell activity were to occur in HD, a selective inhibition of
IFN-y gene expression would have been expected. This is not
the case. Instead, expression of the IL-2 gene is selectively
impaired and cannot be restored, even in part, by y-irradiation
(Figs. 2 and 4). Thus, the failure of IL-2 gene expression in HD
is not readily explained by enhanced y-irradiation-sensitive
suppressor T cell activity. Since y-irradiation is thought to
inhibit the activation of suppressor cells but not to affect active
ones, the results leave open the possibility that PBMC from HO
subjects contain greater numbers of suppressor cells that were
preactivated in the donor, even though selective inhibition of
the IFN-y gene, rather than the IL-2 gene, would then have
been expected.
In PBMC from normal donors, induction of IFN-y mRNA is
about twofold greater than that of IL-2 mRNA (Fig. 4). Induc-
tion of these mRNA species requires de novo transcription [13,
15] which is apparently more vigorous for the IFN-y gene.
Induction of IFN-y mRNA is greatly enhanced in PD subjects,
when compared to normal donors (Fig. 4). In HD subjects, on
the other hand, induction of the IFN-y gene is lower than in
normal donors. The complete lack of inducibility of the IL-2
gene in HD subjects is indicative of reduced transcriptional
activity. Although quantitation of transcription rates would
require 50 times more PBMC than were used here [15], our
findings indicate that the impairment in IL-2 gene expression in
HD subjects is not caused by excessive down-regulation by
suppressor T cells, nor by the CHX-sensitive, post-transcrip-
tional mechanism, but most likely occurs at transcription.
In spite of general anemia associated with chronic disease,
the hematocrit in the group of HO subjects was actually 33%
higher (P = 0.09), showing that there is no correlation between
baseline hematocrit and decreased inducibility of IL-2 or IFN-y
genes. The mean age and age range of the groups of HD and PD
subjects studied here were closely similar, eliminating age as
explanation for the different gene expression patterns obtained
with these two groups. CD4/CD8 ratios also did not differ
between HD and PD groups, but HD subjects had a significantly
lower number of total T cells per ml of blood. Yet, as shown in
Table I. Significance of induction of IL-2 and IFN-y genes pe
in HD and PD subjects
r T cell
P value of (C, A)
HD PD
IL-2 0.325 0.028
IFN-y 0.170 0.002
P value of (C, A): significance of induction was determined by
two-tailed, paired t-test analysis for values of A and C (legend to Fig. I
for conditions of induction), expressed for each individual donor as
standard units of mRNA per T cell.
Table I, correction for the difference in total T cell number does
not eliminate the lack of gene inducibility exhibited by PBMC
from HD subjects. Thus, lack of inducibility is caused by a lack
of T cell function. Indeed, PBMC from HD subjects incorpo-
rated less thymidine. These results, the IL-2 and IFN-y gene
expression patterns of Figures 1 to 4 and those for a-actin, all
support the concept that in HD, T cells are defective in induced
expression of the IL-2 gene and, to a lesser extent, the IFN-y
gene.
It is not clear how uremia leads to impaired T cell function.
HD sera contained 10% more plasma creatinine (P = 0.02) and
20% more blood urea nitrogen (P = 0.018). Uremic serum is
thought to have a predominant role [42], through toxicity of
accumulated substances [27, 43]. These sera, or their dialysate
[44], contain an activity that inhibits lectin-induced blast trans-
formation [43] and the graft-versus-host reaction [45]. CAPD is
more effective than HO in clearing this activity [46]. As seen
here, the IL-2 gene is more sensitive than the IFN-y gene to the
negative effects of uremia in HO subjects, although expression
of both is reduced severely.
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